The dynamic spatial and temporal distribution of the crucial plant signaling molecule auxin is achieved by feedback coordination of auxin signaling and intercellular auxin transport pathways [1, 2] . Developmental roles of auxin have been attributed predominantly to its effect on transcription; however, an alternative pathway involving AUXIN BINDING PROTEIN1 (ABP1) has been proposed to regulate clathrin-mediated endocytosis in roots and Rho-like GTPase (ROP)-dependent pavement cell interdigitation in leaves [3, 4] . In this study, we show that ROP6 and its downstream effector RIC1 regulate clathrin association with the plasma membrane for clathrin-mediated endocytosis, as well as for its feedback regulation by auxin. Genetic analysis revealed that ROP6/RIC1 acts downstream of ABP1 to regulate endocytosis. This signaling circuit is also involved in the feedback regulation of PIN-FORMED 1 (PIN1) and PIN2 auxin transporters activity (via its constitutive endocytosis) and corresponding auxin transport-mediated processes, including root gravitropism and leave vascular tissue patterning. Our findings suggest that the signaling module auxin-ABP1-ROP6/RIC1-clathrin-PIN1/PIN2 is a shared component of the feedback regulation of auxin transport during both root and aerial development.
The dynamic spatial and temporal distribution of the crucial plant signaling molecule auxin is achieved by feedback coordination of auxin signaling and intercellular auxin transport pathways [1, 2] . Developmental roles of auxin have been attributed predominantly to its effect on transcription; however, an alternative pathway involving AUXIN BINDING PROTEIN1 (ABP1) has been proposed to regulate clathrin-mediated endocytosis in roots and Rho-like GTPase (ROP)-dependent pavement cell interdigitation in leaves [3, 4] . In this study, we show that ROP6 and its downstream effector RIC1 regulate clathrin association with the plasma membrane for clathrin-mediated endocytosis, as well as for its feedback regulation by auxin. Genetic analysis revealed that ROP6/RIC1 acts downstream of ABP1 to regulate endocytosis. This signaling circuit is also involved in the feedback regulation of PIN-FORMED 1 (PIN1) and PIN2 auxin transporters activity (via its constitutive endocytosis) and corresponding auxin transport-mediated processes, including root gravitropism and leave vascular tissue patterning. Our findings suggest that the signaling module auxin-ABP1-ROP6/RIC1-clathrin-PIN1/PIN2 is a shared component of the feedback regulation of auxin transport during both root and aerial development.
Results and Discussion
ROP6 and RIC1 Are Involved in BFA-Induced PIN Internalization Directional auxin transport is dependent on PIN auxin transporters, which undergo constitutive endocytic recycling [5] [6] [7] , and their polar distribution at the plasma membrane (PM) determines the directionality of auxin flow between cells [8, 9] . In roots, auxin feedback regulates auxin transport via AUXIN BINDING PROTEIN1 (ABP1) signaling that acts upstream of clathrin-mediated PIN-FORMED 1 (PIN1) endocytosis [3, 10] . On the other hand, in the aerial tissues, auxin through ABP1 activates Rho-like GTPase 2 (ROP2) and its effector RIC4 (ROP-interactive CRIB motif-containing protein4) that regulate actin-mediated lobe outgrowth in pavement cells as well as ROP6 downstream regulator RIC1 that promote well-ordered cortical microtubules for indentation formation to generate puzzle-shaped polarity of epidermal cells [4, 11, 12] . In this study, we focus on the question whether the ABP1-ROP mechanism mediating the pavement cell interdigitation [4] and the ABP1-clathrin mechanism regulating PIN internalization [3] are distinct or just two manifestations of a common ABP1 signaling mechanism. We used the available genetic and pharmacological tools to address a potential role of ROP regulators in clathrin-mediated endocytosis of PINs.
The fungal toxin Brefeldin A (BFA) is a useful tool to investigate PIN trafficking [13, 14] . In the presence of BFA, internalized PIN proteins accumulate in pronounced intracellular aggregates. In Arabidopsis root, BFA at 25 mM [15] and 50 mM [13] have been reported to inhibit preferentially recycling or recycling and additionally vacuolar targeting of PIN proteins, respectively [3] . Therefore, to minimize the interference with vacuolar trafficking, we used 25 mM BFA in our experiments.
For PIN1 and PIN2 internalization, when comparing the BFA effect (25 mM) in the root epidermis cells, we noticed that the BFA-induced PIN2 accumulation was more pronounced in ric1-1 (see Figure S1A available online) but less in ROP6-OX and rop6
CA roots (Figures 1A and 1B ; Figure S1B ). In order to better distinguish the difference, we employed lower BFA concentration (10 mM), which is the lowest concentration for inhibition of half-maximal activity of ADP-ribosylation factor guanine-nucleotide exchange factors (ARF-GEFs), the molecular targets of BFA in the endosomal recycling pathway [16] . Under this condition, BFA induced hardly any PIN2 internalization in the wild-type (WT); nonetheless, it was clearly visible in rop6-1 and ric1-1 (Figures 1A and 1B ; Figure S1B ). Similarly to PIN2, PIN1 in stele cells showed more internalization in rop6-1 and ric1-1, whereas there was less internalization in rop6 CA and ROP6-OX ( Figures S1C and S1D ). These results collectively show that ROP6 and its effector RIC1 are involved in BFA-sensitive endocytic cycling of PIN1 and PIN2.
To test for the exocytosis defects, we performed a washout experiment after BFA treatment and followed the restoration of the PIN2 signal at the PM [13] . No differences were observed between rop6-1, ric1-1, and WT, indicating that the observed changes in PIN1 and PIN2 cellular distribution is a consequence of ROP6 effects on endocytosis but not on exocytosis ( Figure S1E ). When we tested another auxin downstream effector ROP2 [4] , no significant differences were observed for PIN2 internalization in rop2 CA , rop2 DN , and WT roots treated with BFA and in the washout experiments (Figures S1A and S1E). This suggests that from these two auxin-dependent ROP pathways [4] , specifically ROP6 signaling is involved in BFA-induced PIN internalization.
ROP6 Signaling Negatively Regulates Clathrin-Mediated Endocytosis
The amphiphilic styryl dye FM4-64 is a robust marker and widely used to track the process of membrane trafficking in living eukaryotic organisms [17] [18] [19] . To test the role of the ROP6 pathway generally in endocytosis and independently of BFA treatment, we revealed through pulse labeling by FM4-64 that the uptake of FM4-64 was increased in rop6-1 and ric1-1, whereas it was reduced in rop6 CA , in comparison with the WT (Figures 1C and 1D ; Figure S1F ). (A and B) rop6-1 and ric1-1 were less sensitive to auxin, whereas ROP6-OX and rop6 CA were more sensitive to inhibitory auxin effect on endocytosis. Col-0, rop6-1, ric1-1 (all in PIN2-GFP background), ROP6-OX (a-PIN2), and rop6
CA (a-PIN2) were pretreated with NAA (5 mM, 30 min), and then were cotreated with NAA (5 mM) and BFA (25 mM) for 90 min. GFP is green and a-PIN2 is red. A major route of endocytosis starts by clathrin-coated vesicle formation at the PM, where specific cargoes are recognized and packaged for internalization [20, 21] . PIN proteins are well-established cargoes of clathrin-mediated endocytosis [5] . Visualization of clathrin heavy chain (a-CHC) [22] by immunolocalization revealed that rop6-1 and ric1-1 roots show more, whereas rop6 CA and ROP6-OX less association of clathrin with the PM as compared to WT (Figures 1E and 1F ; Figure S1G ). PM-localized clathrin was further visualized by variable angle epifluorescence microscope (VAEM) in those lines with introgressed clathrin light chain-GFP (CLC-GFP) [14, 23] . The quantification of these observations also showed more PM-associated CLC-GFP in rop6-1 and ric1-1 and less in rop6 CA ( Figures 1G and 1H) , which was consistent with the a-CHC immunodetection. These observations support the notion that ROP6/RIC1 signaling pathway acts upstream of and negatively regulates clathrin-mediated endocytosis.
ROP6/RIC1 Signaling Is Required for Auxin Regulation of Endocytosis BFA-induced PIN internalization specifically [10] and clathrinmediated endocytosis generally [3] are inhibited by auxin. By this mechanism, auxin enhances the levels of PIN proteins at the PM, thereby stimulating its own efflux.
With naphthalene acetic acid (NAA) and BFA cotreatment, BFA-induced PIN2 internalization was almost completely inhibited in WT, whereas NAA was largely ineffective in rop6-1 and ric1-1, as manifested by clearly visible intracellular PIN2 accumulation (Figures 2A and 2B) . On the contrary, the PIN2 internalization was more inhibited in ROP6-OX and rop6
CA lines in the presence of NAA (Figures 2A and 2B ). Similarly to PIN2, auxin effect on BFA-induced PIN1 internalization showed consistent results: partial resistance to the auxin effect in loss-of-function and hypersensitivity in gain-of-function ROP6 lines (Figures S2A and S2B) . In contrast, similar experiments did not reveal any differences in rop2
CA and rop2 DN ( Figure S2C ), again confirming that ROP6 pathway is specifically involved in the regulation of endocytosis in roots.
Besides PIN1 and PIN2 internalization, we also tested the auxin effect on clathrin incidence at the PM. Quantification of PM-associated clathrin signal (a-CHC and CLC-GFP) showed that auxin strongly decreased clathrin association with the PM [3] and rop6
CA was hypersensitive to auxin, whereas rop6-1 and ric1-1 roots were resistant to this effect ( Figures 2C-2F) .
Altogether, the less sensitivity of rop6-1 and ric1-1 to auxin effect suggests that ROP6/RIC1 signaling pathway is involved in and acts downstream of auxin regulation of clathrinmediated endocytosis in roots.
ROP6/RIC1 Signaling for Endocytosis Regulation Acts Downstream of ABP1
The auxin effect on endocytosis has been proposed to be mediated by ABP1 [3] ; therefore, we tested the genetic relationships between ABP1 and ROP6/RIC1 functions. We generated double mutants of conditional ABP1 knockdown lines [24] with rop6-1 and ric1-1, as well as with ROP6-OX and rop6 CA . Downregulation of ABP1 function in the knockdown lines SS12S6 and SS12K9 has been shown to inhibit the BFAinduced PIN1 internalization [3] resembling the ROP6 gainof-function alleles ( Figures 1A and 1B) . Thus, increasing the ROP6 activity in SS12S6 ROP6-OX, SS12S6 rop6
CA and in SS12K9 ROP6-OX, SS12K9 rop6 CA leads to even less PIN1 and PIN2 internalization than in SS12S6 or SS12K9 alone ( Figures S3B and S3C) , showing that ROP6 gain-of-function enhanced the inhibitory effect of ABP1-knockdown lines on PIN1 and PIN2 internalization. More revealing was the analysis of ROP6/RIC1 loss-of-function alleles that show increased BFA-induced internalization ( Figures 1A and 1B) , an effect opposite to ABP1 knockdowns. In the double-mutant lines SS12S6 rop6, SS12S6 ric1, SS12K9 rop6, or SS12K9 ric1, the CA were calculated when grown on the normal medium (2BFA) or the 5 mM BFA containing medium (+BFA), and the value represents the average percentage of defective vein cotyledons (E). Enhanced auxin accumulation in the cotyledon of inhibitory effect of ABP1 knockdown on endocytosis was dramatically attenuated (Figures 3A and 3B; Figures S3A-S3C ), and these lines showed increased PIN1 and PIN2 internalization phenotypes similar to rop6-1 and ric1-1. This shows that ROP6/RIC1 loss-of-function are epistatic to ABP1 knockdown alleles.
When these genotypes were treated with auxin, SS12S6 rop6-CA, SS12K9 ROP6-OX, and SS12K9 rop6-CA enhanced auxin sensitivity and exhibited much less PIN1 and PIN2 internalization than WT, similar to each single mutant. On the other hand, SS12S6 rop6, SS12S6 ric1, SS12K9 rop6, and SS12K9 ric1 showed again, comparably to rop6-1 and ric1-1, a resistance to the inhibitory effect of auxin on endocytosis ( Figures  3A and 3B; Figures S3A-S3C) . Visualization of clathrin association with the PM in those double mutants further confirmed the above notion (Figures 3C and 3D ; Figure S3D ).
All these results consistently suggest that the ROP6/RIC1 mechanism acts downstream of auxin and ABP1 signaling in the regulation of clathrin-mediated endocytosis in roots.
ROP6/RIC1 Signaling Is Required for Auxin-Mediated Seedling Development
Next we examined the effect of ROP6 gain-and loss-offunction alleles on auxin-mediated development as exemplified by (1) root gravitropism, a typical auxin-mediated growth response that involves dynamic changes in polar PIN2 trafficking [25, 26] and (2) formation of leaf vasculature that depends on feedback regulation of PIN1-dependent auxin transport [27, 28] .
Quantitative evaluation of root growth following gravistimulation revealed attenuated gravitropic response in rop6-1 and ric1-1 and hypergravitropic response in ROP6-OX and rop6 CA ( Figures 4A and 4B) . Consistently, ROP6-OX and rop6 CA showed an increase in the asymmetric auxin response redistribution (as visualized by the auxin response reporter DR5 [29] ) to the lower side of the gravistimulated root ( Figures 4C  and 4D ). This observation is consistent with inhibited PIN2 endocytosis in ROP6 gain-of-function lines, leading to more PM-localized PIN2 and a higher auxin flow, in turn leading to a high auxin accumulation and hypergravitropic response.
In the aerial part, rop6 CA displayed a narrow shape cotyledon but still arranged in continuous vascular strands; 37.09% cotyledons of rop6 CA displayed a venation defect with an additional vein in the closed vein loop as compared to the much lower frequency of similar defects in WT (4.63%) ( Figure 4E ). Consistently, in the rop6 CA cotyledons we observed a strongly increased DR5-monitored auxin response (the DR5-positive area: 1.65% of the whole cotyledon) as compared with a low DR5::GUS signal in the WT (0.28%) ( Figure 4F ). To further test whether the additional vein of rop6 CA is the consequence of increased association of PIN1 with PM, we grew WT and rop6
CA on BFA-containing medium which induced PIN1 internalization. The vasculature defect of rop6 CA was largely rescued by BFA (13.04% additional vein of rop6
CA as compared to 2.77% of WT) ( Figure 4E ). Interestingly, ectopic expression of PIN1 by examining PIN1 distribution in young leaf primordia [28] can be seen in the closed vein loop tip of rop6 CA (23 of 24 leaf primordia) that was almost not present in WT (2 of 27) ( Figure 4G ). Ectopically localized PIN1 was also largely attenuated in rop6 CA (8 of 28) grown on BFA-containing medium ( Figure 4G ). This finding further strengthens the notion that ROP6 negatively regulates the endocytosis and enhances PIN-dependent asymmetric auxin distribution in roots and leaves.
Conclusions
Our results describe the function of the ROP6/RIC1 pathway in regulating clathrin-mediated endocytosis and internalization of PIN1 and PIN2, which acts downstream of ABP1. Accordingly, ROP6/RIC1 is required for the asymmetric auxin distribution during root gravitropism and vascular patterning.
The involvement of ROP6/RIC1 in endocytosis in roots shows similarities to the ROP/RIC-mediated regulation of leaf pavement cell interdigitation in the aerial parts [4, 30] . Both processes seem to share the basic auxin feedback module: auxin-ABP1-ROP-clathrin-mediated endocytosis-PIN1 and PIN2 PM localization, but they show important differences in executing the individual steps. In the leaf model, auxin via ABP1 sequentially activates the ROP2 pathway for clathrin-mediated endocytosis inhibition and polar deposition of PIN1 protein [4, 30] . In the root model, ABP1 acts as an apparently positive regulator of clathrinmediated endocytosis, whose action is inhibited by auxin [3] , and it is not ROP2 but ROP6 that regulates the downstream clathrin-mediated endocytosis. It would be consistent with the data if, in the absence of auxin, ABP1 is not the major activator for ROP6 in endocytosis regulation; In the presence of auxin, ABP1 quickly induces ROP6 activity to negatively regulate clathrin-coated vesicle budding. In this scenario, auxin would be a crucial factor for the signaling transduction from ABP1 to ROP6.
The relative mild endocytosis-related phenotypes in the analyzed ROP6-related genotypes suggest a functional redundancy between several ROPs homologs. The analysis of other ROP lines such as ROP9 and ROP11 [31] confirmed that ROP6 is not the only regulator of PIN endocytosis and different other ROP homologs perform distinct functions in this process ( Figure S4 ).
An important topic for future investigations relates to the cytoskeleton involvement in endocytosis regulation downstream of ROP signaling. In yeast and animals, two antagonistic cytoskeleton-regulating Rho-GTPase pathways are involved in polarity establishment [4, 32, 33] , but the comparable insight is lacking in Arabidopsis. Recently, the fundamental role of actin cytoskeleton for dynamic PIN trafficking and endocytosis has been proposed [34] , and the link between ROP2/RIC4 and ROP6/RIC1 in the promotion of actin stabilization for PIN endocytosis regulation in leaf pavement cell and root epidermal cell was established [11, 30, 35] . However, the exact involvement of ROPs/RICs-mediated actin or microtubule dynamic in endocytosis is still unclear. These topics, as well as the possible involvement of ABP1 pathway in cytoskeletal dynamics and cell polarity, are fascinating questions for the future research. CA leaf primordia. Col-0 and rop6 CA were grown on normal medium (2BFA) or 5 mM BFA-containing medium (+BFA), and 7-day-old seedlings were used for immunodetection (a-PIN1, red). Ectopic expression of PIN1 in the leaf primordia tip was highlighted by white box (upper panels), and enlarged pictures were presented in the lower panels. The ratio represents the number of primordia showing ectopic expressed PIN1 divided by the total counted primordia (n > 24). Scale bar represents 50 mm.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j.cub.2012.05.020.
